Ketamine, a pan-NMDA receptor channel blocker, and CP-101,606, an NR2B-selective negative allosteric modulator, have antidepressant effects in humans that develop rapidly after the drugs are cleared from the body. It has been proposed that the antidepressant effect of ketamine results from delayed synaptic potentiation. To further investigate this hypothesis and potential mechanistic underpinnings we compared the effects of ketamine and CP-101,606 on neurophysiological biomarkers in rats immediately after drug administration and after the drugs had been eliminated. Local field and auditory-evoked potentials (AEPs) were recorded from primary auditory cortex and hippocampus in freely moving rats. Effects of different doses of ketamine or CP-101,606 were evaluated on amplitude of AEPs, auditory gating, and absolute power of delta and gamma oscillations 5-30 min (drug-on) and 5-6 h (drug-off) after systemic administration. Both ketamine and CP-101,606 significantly enhanced AEPs in cortex and hippocampus in the drug-off phase. In contrast, ketamine but not CP-101,606 disrupted auditory gating and increased gamma-band power during the drug-on period. Although both drugs affected delta power, these changes did not correlate with increase in AEPs in the drug-off phase. Our findings show that both ketamine and CP-101,606 augment AEPs after drug elimination, consistent with synaptic potentiation as a mechanism for antidepressant efficacy. However, these drugs had different acute effects on neurophysiological parameters. These results have implications for understanding the underlying mechanisms for the rapid-onset antidepressant effects of NMDA receptor inhibition and for the use of electrophysiological measures as translatable biomarkers.
INTRODUCTION
It has been a long-standing interest to analyze the underlying neurophysiological mechanisms for the behavioral and cognitive effects of N-methyl-D-aspartate receptor antagonists. Ketamine, a pan-NMDA receptor channel blocker, elicits several symptoms of schizophrenia in healthy subjects, and disrupts normal behavior and cognitive function in humans and experimental animals (Javitt et al, 2012; Kocsis et al, 2013; Moghaddam and Krystal, 2012) . In contrast to its disruptive effects, ketamine is also a unique antidepressant drug. Since the original observation (Berman et al, 2000) , accumulating evidence has confirmed the significant therapeutic effect of brief exposure to ketamine in depressed patients (Krystal et al, 2013; McGirr et al, 2015) . Remarkably, the antidepressant effect of ketamine has a very short onset, 2-3 h, whereas all currently used antidepressant drugs show clinical efficacy only after weeks of treatment. Furthermore, these antidepressant effects of ketamine develop and are sustained after the drug is cleared from the body. Determining the synaptic, cellular, and neuronal network mechanisms involved in ketamine's psychotomimetic and antidepressant actions, and the interrelationship between these actions, would have a great impact on our understanding of these neuropsychiatric disorders and in developing novel therapies.
The neurophysiological changes caused by acute administration of ketamine and believed to be associated with the psychotomimetic effects are broadly described (Hong et al, 2010; Javitt et al, 2008 Javitt et al, , 2012 Kocsis, 2012a; Kocsis et al, 2013) . In contrast, neurophysiological mechanisms that may underlie the antidepressive effects of ketamine are much less explored. Recently, a critical role of synaptic potentiation has been proposed for the antidepressant effects of ketamine in treatment-resistant depressed patients (Cornwell et al, 2012) . In patients responding to a short, 40-min ketamine infusion, an increase in stimulus-evoked somatosensory cortical response was noted 6.5 h after the infusion. This time point is well after psychotomimetic effects associated with the drug infusion had waned and ketamine was presumed cleared from the body. Thus, a first aim of the present study was to explore whether this putative synaptic potentiation observed in humans responding to ketamine could be modeled as altered sensory-evoked potentials in awake, freely moving rats. Auditory-evoked potentials (AEPs) were recorded from the primary auditory cortex and hippocampus CA3 region and changes in AEP amplitudes were analyzed acutely (5-30 min after bolus drug administration) and after ketamine was eliminated (5-6 h).
A second aim of the present study was to begin to explore the underlying mechanisms using a comparative pharmacological approach. A negative allosteric modulator (NAM) of the NR2B subtype of NMDA receptor, CP-101,606 Mott et al, 1998) , also evidenced an antidepressant response in patients (Preskorn et al, 2008) . Compounds of the NR2B NAM class bind at the interface of the NR2B/ NR1 amino terminal domains to allosterically reduce channel-opening probability to inhibit ion flux and functionally inhibit receptor activity (Karakas et al, 2011; Traynelis et al, 2010) . Like ketamine, the response to CP-101,606 developed rapidly after a short drug infusion and was sustained well after the drug was cleared from the body. Thus, we also investigated the effects of CP-101,606 on AEPs in freely moving rats both acutely and after the drug was eliminated. An observation of increased AEPs after elimination for both ketamine and CP-101,606 would strengthen the argument that synaptic potentiation underlies the antidepressant response to these drugs.
A third aim of the present study was to investigate similarities and differences in the acute effects of ketamine and CP-101,606 on neurophysiological parameters to identify events that may trigger a delayed synaptic potentiation. Acute administration of ketamine impairs auditory gating, increases delta power and elicits aberrant, high-power gamma oscillation in rats (Kocsis, 2012a; Pinault, 2008; Zhang et al, 2012) and humans (Kocsis et al, 2013) . We investigated whether CP-101,606 had acute neurophysiological effects similar to ketamine in an identical recording paradigm. Again, similarities, and differences, in the acute effects of these two drugs would provide insight into the mechanisms that may trigger the development of synaptic potentiation and antidepressant activity.
MATERIALS AND METHODS

Compounds
Ketamine HCl (Hospira; Lake Forest, IL) and CP-101,606, ((1S,2S)-1-(4-hydroxyphenyl)-2-(4-hydroxy-4-phenylpiperidino)-1-propanol) mesylate salt, synthesized as described (Chenard et al, 1995) and dissolved in saline. Doses for both compounds are expressed as free base. Both CP-101,606 and ketamine were administered subcutaneously (SC); volumes were 2 ml/kg for ketamine and CP-101,606 at 20 mg/kg, and was 1 ml/kg for the 2 and 6.7 mg/kg doses of CP-101,606.
Electrophysiology
Experiments were performed on male Sprague-Dawley rats (Charles River, Wilmington, MA) weighing~350-400 g, housed in a climate-controlled facility on a 12 : 12 light/dark cycle. Animals received food and water ad libitum. All experimental procedures were in line with an approved animal use protocol in compliance with the Animal Welfare Act Regulations and with the Guide for the Care and Use of Laboratory Animals, National Institutes of Health guidelines (NIH Publications No. 80-23, revised 1996) . A total of 30 animals were implanted with recording electrodes and used in these studies.
Neurophysiological recordings were carried out as we described previously Harvey et al, 2013; Nagy et al, 2015; Siok et al, 2012) . In brief, chronic recording electrodes were implanted into the primary auditory cortex (5 mm caudal, 4 mm lateral from Bregma) and hippocampus CA3 region (3.5 mm caudal, 3 mm lateral and 3.8 mm ventral from Bregma) under ketamine/xylazine anesthesia (Paxinos and Watson, 1998) ; control electrophysiological recording started no sooner than 1 week following surgery. During pharmacological experimental days, local field potentials (LFP) and AEPs were monitored continually over the light phase; signals were collected and analyzed using CED Spike2 system and software (Cambridge Electronic Design, Cambridge, UK). Auditory gating was determined using the same pattern of auditory stimulation that is used in clinical practice: delivery of two consecutive tone bursts (frequency of 5 kHz) of 10-msec duration with an intertone interval of 0.5 s (Hajós, 2006) . The AEPs were determined by measuring the potential difference between the positive and the negative deflection 5-30 msec and 40-60 msec after stimulation (P20 and N40), respectively, as described previously . Field potentials were analyzed by fast Fourier transform Kiss et al, 2011; Siok et al, 2012) , with a particular attention to changes in cortical and hippocampal delta (0-4 Hz) and gamma (30-90 Hz) oscillations.
Drug Treatment
Doses of ketamine were chosen based on pharmacokinetic considerations to achieve clinically comparable brain exposures in rats (Shaffer et al, 2014) and also on previous findings reporting both effective and ineffective antidepressant doses of ketamine in experimental animals (Li et al, 2010) . Doses of CP-101,606 were selected based on previous studies (Steece-Collier et al, 2000; Taniguchi et al, 1997) . In these previous studies, CP-101,606 was effective at reducing haloperidol-induced catalepsy and neuropathic pain in rats over the dose range (2-20 mg/kg) used in the present study. Furthermore, comparative effects of ketamine and CP-101,606 over the dose ranges used in this study in a number of different behavioral paradigms have also been reported (Dix et al, 2010; Gilmour et al, 2012; Smith et al, 2011) .
The study design followed a Latin square configuration, with the exception that the highest dose of ketamine was given at the end of the study. Over the course of the study, animals received saline vehicle, three doses of ketamine (5, 10, and 80 mg/kg) or three doses of CP-101,606 (2, 6.7, and 20 mg/kg). The 30 implanted animals were randomly assigned to treatment condition until data was collected for a total of 8 animals per treatment condition. For individual animals, there was at least 1 week between treatments. Collection of neurophysiological signals was Neurophysiological effects of an NR2B NAM and ketamine D Nagy et al initiated 2 h before drug administration, with data averaged over the 1-h period before drug administration serving as baseline. After drug administration, data was averaged over 5-30 min (drug-on) and 5-6 h (drug-off).
Statistical Analyses
Normal distributions of neurophysiological values, including amplitudes of AEPs, auditory gating (S2/S1 ratios), absolute delta and gamma-band powers were verified by Kolmogorov-Smirnoff probe. For all recording sessions for each animal, measures were converted to a percent difference from baseline except auditory gating, where absolute values were given. For each measure, an overall statistically significant difference in treatment effect was determined by one-way ANOVA (Po0.05, n = 8 animals/treatment). Subsequently, statistically significant group treatment differences from vehicle were determined using the Dunnett's test.
Pharmacokinetics
Plasma levels of ketamine and CP-101,606 were determined in satellite groups of animals matched to those used for neurophysiological recordings (n = 4 per dose group). Blood samples (200 μl) were taken from the tail vein at 0.25, 0.5, 0.75, 1, 2, and 5 h after dosing into tubes containing disodium EDTA and centrifuged to obtain plasma. Subsequently, plasma proteins were precipitated by addition of 200 μl 2% tetrahydrofuran in acetonitrile, centrifuged, and supernatant removed for analysis. Ketamine and CP-101,606 levels were determined by LC-MS/MS. Analytes were separated on an Atlantis dC18 (50 × 4.6 mm, 3 μm) column using an acetonitrile/0.2% formic acid in water gradient. Detection limits for ketamine were 20.4-3000 ng/ml plasma and for CP-101,606 were 10.1 and 3064 ng/ml plasma. All values are expressed as ng/ml total plasma.
RESULTS
Drug Plasma Exposure
In order to determine appropriate neurophysiological data collection epochs, plasma concentrations of ketamine and CP-101,606 were determined by tail vein sampling of animals receiving 5, 10, or 80 mg/kg SC ketamine or 2, 6.7, or 20 mg/kg SC CP-101,606. For the two lower doses of ketamine and all doses of CP-101,606, highest levels were observed at the first time point sampled (0.25 h; Figure 1 ). For both drugs at all doses, plasma levels were at or near the lower limit of detection at the 5 h sampling point. On the basis of these data, neurophysiological data were averaged over 5-30 min (drug-on) and 5-6 h (drug-off) after drug administration.
Neurophysiological Data
Typical recordings of cortical and hippocampal LFPs and AEPs following vehicle, ketamine (10 mg/kg, SC), and CP-101,606 (6.7 mg/kg, SC) administration are shown in Figure 2 at baseline, drug-on and drug-off periods in freely moving rats. Changes in LFPs and AEPs following ketamine and CP-101,606 administration were compared with changes in vehicle-treated rats. Corresponding power spectrograms (0-20 Hz) of primary auditory cortex LFPs, performed by means of fast Fourier transformation at baselines and after ketamine (10 mg/kg) and CP-101,606 (6.7 mg/kg) treatments are shown in Supplementary Figure 1. AEPs Effects of ketamine. Ketamine significantly altered amplitude of AEPs both in the cortex and hippocampus compared with vehicle. During drug-on period, the highest dose of ketamine (80 mg/kg) significantly reduced AEP amplitudes in both the cortex and hippocampus, whereas there were no effects at lower doses of ketamine (Figures 2 and 3) . In contrast, during the drug-off period AEPs were significantly augmented by ketamine at a dose of 10 mg/kg. The amplitudes of cortical AEPs were increased by~50%, Neurophysiological effects of an NR2B NAM and ketamine D Nagy et al whereas hippocampal AEPs showed a threefold increase in this time period. The lower or higher doses of ketamine were without effect in either region in the drug-off period.
Effects of CP-101,606. There was no effect on AEP amplitudes in the drug-on period after administration of 2 or 6.7 mg/kg CP-101,606. However, there was a small, though significant increase in hippocampal AEPs after the highest dose of CP-101,606 in this period (Figures 2 and 3) . In contrast, CP-101,606 robustly enhanced AEPs in the drugoff period. This effect was statistically significant for the 6.7 and 20 mg/kg doses in auditory cortex, and for all three doses in hippocampus. In both regions, the 6.7 mg/kg dose of CP-101,606 was most effective, indicating a potential bellshape dose-response curve.
Auditory Gating
In line with previous observations, higher doses of ketamine significantly (Po0.05) disrupted auditory gating in the hippocampus during the drug-on period; S2/S1 ratios (± SEM) were at baselines and after ketamine treatment in the hippocampus: 0.49 ±0.03 and 0.61 ± 0.04 (10 mg/kg), 0.47 ± 0.03 and 0.70 ± 0.07 (80 mg/kg), and in the cortex: 0.47 ± 0.03 and 0.66 ± 0.04 (10 mg/kg), 0.49 ± 0.03 and 0.72 ± 0.04 (80 mg/kg). During the drug-off period, degree of auditory gating in both the hippocampus and primary auditory cortex returned to baseline level following each tested dose of ketamine, except in the hippocampus following the 10 mg/kg dose (baseline 0.49 ± 0.03 and 0.64 ± 0.05 after 10 mg/kg). In contrast, neither vehicle nor CP-101,606 impacted auditory gating in the cortex or hippocampus either during the drug-on or drug-off periods (data not shown).
Gamma Power
Effects of ketamine. Ketamine dose-dependently increased gamma power in the cortex and hippocampus during the drug-on period. The greatest effect was observed with the 80 mg/kg dose, which caused a near threefold increase in cortex and an approximately fivefold increase in the hippocampus (Figure 4 ). Ketamine at 10 mg/kg also caused a smaller increase in gamma power during this period, Figure 2 Typical neurophysiological recordings from the primary auditory cortex in vehicle, ketamine (10 mg/kg, subcutaneously) and CP-101,606 (6.7 mg/kg, subcutaneously) treated rats at control period (baseline), and during drug-on (middle panels) and drug-off (right panel) periods. Traces show gamma activity following band-pass filtering (Gamma), unfiltered local field potentials (LFP) and auditory-evoked potentials within an auditory gating paradigm, triangles indicating auditory stimulation (Gating).
Neurophysiological effects of an NR2B NAM and ketamine D Nagy et al reaching statistical significance in the cortex. Gamma power returned near baseline values during drug-off period, and only an~25% increase was observed in the cortex and hippocampus after the highest dose, compared with the vehicle-treated group.
Effects of CP-101,606. Gamma power was not impacted at all by CP-101,606 in the cortex or hippocampus during either the drug-on or drug-off periods (Figure 4 ).
Delta Power
Effects of ketamine. Ketamine dose-dependently increased delta power during the drug-on period; the 10 and 80 mg/kg doses elicited a significant two to threefold increase in absolute delta power in both the cortex and hippocampus. Furthermore, a significantly enhanced delta power was also present in both regions after each tested dose of ketamine in the drug-off period,~50-150% higher than in vehicletreated rats (Figure 4 ). -101,606 . During the drug-on phase, CP-101,606 did not change delta power in the cortex or hippocampus compared with vehicle. In contrast, in the drug-off phase delta power was significantly enhanced in the cortex at each dose, whereas in the hippocampus only the highest dose resulted in a marginally elevated delta power (Figure 4 ). The effects of ketamine and CP-101,606 on each neurophysiological end point are summarized in Figure 5 .
Effects of CP
DISCUSSION
The present findings confirm our prediction that ketamine leads to augmented sensory-evoked potentials in rats, consistent with the previously reported enhanced-somatosensory-evoked potentials in patients responding to ketamine (Cornwell et al, 2012) . Increase in cortical and hippocampal AEP amplitudes occurred 5-6 h after ketamine administration, a time period when ketamine was shown to be fully eliminated in rats (this study and Shaffer et al, 2014) also paralleling the clinical observations. Interestingly, a greater effect size was observed in hippocampus compared with auditory cortex. The effective dose of ketamine to increase AEP amplitude was 10 mg/kg, SC; lower (5 mg/kg) and higher (80 mg/kg) doses were not active. Selection of ketamine doses was based on previous studies of effects in rat behavioral models of depression and neurobiological correlates of these effects (Li et al, 2010 (Li et al, , 2011 . In these studies, ketamine at 10 mg/kg was also the most effective, whereas lower or higher doses were not active. Importantly, this optimal dose in the rat experimental studies yields exposures that correlate closely to human exposures at the clinically used antidepressive dose of ketamine, based on pharmacokinetic modeling (Shaffer et al, 2014) .
The NR2B NAM CP-101,606 has been shown to have an antidepressant response in patients similar to that of ketamine, namely, the response developed rapidly after drug infusion and was sustained in responders for days after the drug was presumed to be eliminated (Preskorn et al, 2008) . Significantly, in the present study CP-101,606 also induced a robust increase in AEPs in both cortex and hippocampus in rats after the drug was eliminated. Similar to ketamine, the effect size of CP-101,606 was greater in hippocampus than in cortex. There was also evidence of a similar bell-shaped dose-response relationship, although the effects of all three doses of CP-101,606 reached statistical significance. Thus, the commonality of effects of CP-101,606 and ketamine on the drug-off increase in AEPs significantly strengthens the hypothesis that the rapid-onset antidepressant response to these NMDA receptor antagonists results from synaptic potentiation that is sustained after the drugs are eliminated.
In contrast to the similar effects of ketamine and CP-101,606 in drug-off augmentation of sensory-evoked potentials, these two drugs had significantly different effects on other neurophysiological signals, particularly during the acute phase immediately after administration. The acute effects of ketamine have been broadly studied, in part to investigate mechanisms by which this drug mimics numerous symptoms of schizophrenia (Hong et al, 2010; Javitt et al, 2011; Kocsis et al, 2013) . Therefore, in our studies we measured additional neurophysiological markers; some, such as auditory gating, are clearly linked to information processing and known to be impacted in psychiatric patients (Hajós, 2006) . In the present study ketamine impaired auditory gating, in line with published findings (Kocsis et al, 2013) . It has also been demonstrated that ketamine enhances gamma-band power both in experimental animals and humans, a response which is frequently referred to as aberrant gamma activity, and which is considered a possible factor in the psychotomimetic effects of ketamine (Kittelberger et al, 2012; Kocsis et al, 2013; Pinault, 2008) . Consistent with these previous findings, in the present study Neurophysiological effects of an NR2B NAM and ketamine D Nagy et al ketamine increased gamma power multiple times over baseline values compared with vehicle-treated rats in both cortical and hippocampal regions. However, in a sharp contrast to ketamine, CP-101,606 did not disrupt auditory gating, nor did the compound impact gammaband power, in agreement with recent publications on CP-101,606 and other NR2B NAMs (Kocsis, 2012b; Sivarao et al, 2014) .
The lack of effect of CP-101,606 on auditory gating and, in particular, gamma-band power, has implications for an understanding of the mechanisms underlying both the antidepressant and psychotomimetic effects of NMDA receptor inhibition. It has been hypothesized that the antidepressant response to ketamine results from induction of an acute hyperglutamatergic state accompanied by an increase in neuronal activity at gamma frequency that triggers an LTP-like synaptic potentiation (Gass et al, 2014) . That CP-101,606 induces synaptic potentiation in the absence of change in gamma power suggests that the induction of gamma power may not be an obligatory step in the cascade from NMDA receptor inhibition to synaptic potentiation. The present results also raise further questions regarding the relationship of changes in gamma power to psychotomimetic effects. Recent studies of the low-trapping NMDA channel blocker lanicemine showed an enhanced gamma-band power both in rats and humans, but it did not induce psychotomimetic effects in patients (Sanacora et al, 2014) . On the other hand, in humans, CP-101,606 was observed to evoke dissociative effects in some patients at higher doses (Nutt et al, 2008; Preskorn et al, 2008) . It is not known at present whether the lack effects of CP-101,606 on gamma power in rats translates to humans. In fact, there may be subtle but important differences in the distribution of NR2B subunit containing receptors between rat and non-human primate, as suggested by Arnsten and colleagues (Wang et al, 2013) that could result in a lack of translation on some functional measures. Thus, it will be important to determine the neurophysiological signature of NR2B NAMs in humans and non-human primates to further clarify the role of gamma disruption in the psychotomimetic effects of NMDA receptor inhibition.
NMDA receptor channel blockers have additional neurophysiological effects, including induction of an increase in delta power (Dworak et al, 2011; Kiss et al, 2013; Zhang et al, 2012) . In the present study, the higher doses of ketamine increased delta power both in the cortex and hippocampus during both drug-on and drug-off periods. Mechanisms underlying changes in delta power are not fully understood; previous studies analyzed acute, short-time effects of ketamine on EEG, demonstrating a transient increase in delta power (Fu et al, 2008; Zhang et al, 2012) . Therefore, late-onset increase in delta power could be a rebound effect in response to sleep deprivation induced acutely by administration of NMDA receptor antagonists (Kocsis, 2012b) . Interestingly, CP-101,606 also enhanced delta power but only during drug-off phase and most prominently in the cortex. The mechanism for this effect also bears further exploration. Nonetheless, it appears unlikely that the effects of CP-101,606 and ketamine on delta power can account for the delayed increase in AEPs. A limitation of the present study is the degree to which physiological responses in naive rats may be extrapolated to the physiology of the human brain of depressed patients. Back-translational studies, such as presented here using two drugs with demonstrated clinical antidepressant efficacy, may help to bridge this translational gap. We await further forward-translational clinical data with ketamine and NR2B NAMs to place the current findings in more definitive context. In summary, the results of the present study support the hypothesis that the antidepressant response to brief NMDA receptor inhibition results in a rapidly developing synaptic potentiation that is sustained after drug-target engagement has ended. These findings recommend the use of long-lasting changes in sensory-evoked potentials as a translatable biomarker for this antidepressant effect. The relationship between antidepressant and psychotomimetic effects is one of the most important questions regarding the mode of action of NMDA antagonists and their further development as antidepressants. In so far as the increase in AEPs after drug elimination reflects an underlying mechanism for the antidepressant effect, the present study is informative in two ways. First, it is apparent from the clinical literature that the psychotomimetic effects of both types of NMDA antagonists are directly correlated with drug-exposure levels-higher exposures result in greater psychotomimetic effects. In contrast, in the present study dose responses for the synaptic potentiation for both ketamine and CP-101,606 exhibited bell-shaped relationships. This raises the possibility that optimal exposures for ketamine or an NR2B NAM may be identified that yield antidepressant efficacy with minimal or no psychotomimetic side effects. Indeed, the preliminary data reported by Preskorn et al (2008) with CP-101,606 supports this possibility. Second, although both ketamine and CP-101,606 caused robust increases in AEPs in the drug-off period, these drugs had distinct effects acutely during the period of target engagement. In so far as some of these acute, drug-on effects are related to the induction of psychotomimetic symptoms, these data suggest that it may be possible to identify mechanistically unique compounds that yield the desired rapid-onset antidepressant efficacy while effectively avoiding the psychotomimetic, and other, side effects associated with the NMDA receptor channel blockers.
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